Asymmetric protein localization is essential for cell polarity and migration. We report a novel protein, Callipygian (CynA), which localizes to the lagging edge before other proteins and becomes more tightly restricted as cells polarize; additionally, it accumulates in the cleavage furrow during cytokinesis. CynA protein that is tightly localized, or "clustered," to the cell rear is immobile, but when polarity is disrupted, it disperses throughout the membrane and responds to uniform chemoattractant stimulation by transiently localizing to the cytosol. These behaviors require a pleckstrin homology-domain membrane tether and a WD40 clustering domain, which can also direct other membrane proteins to the back. Fragments of CynA lacking the pleckstrin homology domain, which are normally found in the cytosol, localize to the lagging edge membrane when coexpressed with full-length protein, showing that CynA clustering is mediated by oligomerization. Cells lacking CynA have aberrant lateral protrusions, altered leading-edge morphology, and decreased directional persistence, whereas those overexpressing the protein display exaggerated features of polarity. Consistently, actin polymerization is inhibited at sites of CynA accumulation, thereby restricting protrusions to the opposite edge. We suggest that the mutual antagonism between CynA and regions of responsiveness creates a positive feedback loop that restricts CynA to the rear and contributes to the establishment of the cell axis. chemotaxis | polarity | asymmetry | Dictyostelium | protein localization
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Many of the signaling molecules that mediate these events are localized or activated specifically at the leading or, more rarely, lagging edge of migrating cells (reviewed in ref. 1) . Events that occur at the leading edge include the activation of Ras, TORC2, and AKT/PKB proteins, accumulation of phosphatidylinositol (3, 4, 5) -trisphosphate (PIP 3 ), recruitment of several cytoskeletal proteins, and actin polymerization; proteins that accumulate at the lagging edge include the lipid phosphatase and tensin homolog deleted on chromosome 10 (PTEN) and Myosin II. Furthermore, these leading-and lagging-edge proteins respond to uniformly applied chemoattractant by transiently relocalizing onto or off of the membrane, respectively. In polarized cells, the asymmetric localization patterns are accentuated and maintained even in the absence of a chemoattractant gradient. Many of these asymmetries are conserved in migratory cells, such as Dictyostelium discoideum, mammalian leukocytes, fibroblasts, and axonal growth cones (2) (3) (4) (5) (6) . In addition, these signaling molecules display characteristic localization patterns that are important for the regulation of other cellular behaviors, such as cytokinesis and phagocytosis, as well as in nonmigratory cells, such as epithelia (7) (8) (9) (10) (11) (12) (13) .
D. discoideum is an excellent model system for studying directional migration because of its genetic accessibility and the nature of its life cycle. Growing Dictyostelium cells spontaneously extend transient protrusions in alternating directions, which results in frequent directional changes and poor chemotaxis (14) . Upon starvation, the cells differentiate, undergoing a program of gene-expression changes that lead to an increased sensitivity to the chemoattractant cAMP. In addition, differentiation causes cells to elongate, have a differential sensitivity to cAMP along their axis, and extend protrusions preferentially at the front, resulting in improved chemotactic ability (15) .
Because many molecules involved in polarity and chemotaxis are localized to the front or back of cells, we designed a screen using Dictyostelium to identify novel regulators based on the spatial distributions of GFP-tagged proteins in migrating cells. This approach circumvents the pitfalls of traditional loss-offunction screens for defects in chemotaxis: some regulatory components may be essential for cytokinesis or phagocytosis, resulting in lethal mutations; other important components may be redundant, their loss causing only a partial phenotype (reviewed in ref. 1). Using our localization-based technique, we found a previously unidentified protein at the lagging edge that appears to be part of a positive feedback loop that brings about polarity by acting at the cell rear.
Results
Callipygian Localizes to the Rear of Migrating Dictyostelium Cells.
Because of their role in PIP 3 signaling, pleckstrin homology (PH) domain-containing proteins are likely candidates for asymmetric localization and regulation of chemotaxis. However, PH domains have widely varied binding specificities, and there are more than
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Though the asymmetric distribution of proteins is a crucial first step in establishing polarity and guiding cell migration, the molecular mechanisms regulating many of these localizations are unknown. Our study reports on the novel protein Callipygian (CynA), which localizes to the rear of cells during symmetry breaking, thereby promoting polarity and increasing migration efficiency. Our data indicate that CynA localization is mediated by two distinct mechanisms, which may be important for segregating proteins in other polarized cell types including epithelial cells, neurons, and immune cells. Thus, our findings have implications for tissue formation during embryonic development, the migration of immune cells during wound healing and infection, and the aberrant migrations associated with arthritis, asthma, atherosclerosis, cancer metastasis, and other diseases.
100 PH domain-containing proteins in Dictyostelium (16, 17) . We focused on a group of 23 Dictyostelium PH domain-containing proteins that were predicted to bind specifically to PIP 3 using an algorithm that was generated by comparing the sequences of PIP 3responsive and PIP 3 -nonresponsive domains (18) . This subset of PH domain-containing proteins, as well as several random cDNAs, were tagged with GFP, expressed in Dictyostelium cells, and assessed for intracellular localization during migration. Unexpectedly, one of the PH domain-containing proteins, PH21, was identified at the lagging edge. We designated it Callipygian (CynA) (DictyBase gene ID DDB_G0284337).
We further characterized the localization of CynA. Consistent with the original observation that CynA-GFP localized to the rear of randomly migrating cells, this protein was found at the lagging edge of differentiated cells migrating in a gradient of chemoattractant ( Fig. 1A and Movie S1). Furthermore, CynA-GFP was excluded from sites of accumulation of the PIP 3 biosensor, PH CRAC -RFP, a well-defined leading edge marker, in differentiated cells that were randomly migrating or uniformly stimulated with cAMP ( Fig. 1 B and C) (19) . Additionally, CynA-GFP and mCherry-Myosin II, a known lagging-edge protein, both localized to the rear of migrating cells ( Fig. 1D ) (20) . Consistent with other proteins found at the lagging edge, CynA-GFP strongly accumulated at the cleavage furrow during both early and late stages of cytokinesis ( Fig. 1E) (9, (20) (21) (22) (23) .
To determine whether other lagging-edge proteins are required for the localization of CynA, we expressed CynA-GFP in both ptenand myo IIcells, induced differentiation, and assessed the CynA-GFP distribution pattern during random migration and chemotaxis. In both mutant cell lines, CynA-GFP localized to the rear of migrating cells as it did in wild-type cells, suggesting that CynA localization does not require either PTEN or Myosin II ( Fig. 1F ). However, in addition to its localization at the lagging edge, CynA-GFP showed several other distribution patterns in ptencells; for example, CynA-GFP was often found on convex regions of curvature on the top surface rather than on the lateral surface, as in wild-type or most ptencells, or in membrane-adjacent cytosolic patches ( Fig. S1A ). This finding suggests that CynA-GFP is targeted less efficiently to the lagging edge, or its localization at the rear is less stable, in ptencells, likely because of the dynamic morphological changes observed in this mutant strain (24) .
CynA-GFP appeared to be more tightly limited to the cell rear than other lagging-edge proteins. Before differentiation, Myosin II, PakA, and PTEN are found uniformly around the cell periphery, with the exception of protrusions, and gradually become restricted to the lagging edge as differentiation progresses and cells polarize (20, 23, 24) . In contrast, CynA-GFP was found only at the back of randomly migrating, undifferentiated cells, whereas other back markers were still uniformly localized ( Fig. 1 G and H and Movie S2). This result suggests that the spatial targeting of CynA occurs before the polarization of other chemotactic signaling molecules, consistent with the observation that CynA does not require either PTEN or Myosin II to localize to the rear. In ∼80% of growing cells, the back-most region, where the accumulation of CynA-GFP was strongest, actually appeared to be depleted of mCherry-Myosin II relative to other portions of the cortex (Fig. S1B ).
CynA Localization Is Regulated by Chemoattractant Stimulation. We next assessed the dynamics of CynA localization. To test whether CynA localization is responsive to chemoattractant, we expressed CynA-GFP in wild-type cells, allowed the cells to differentiate to induce chemotactic sensitivity, and stimulated them uniformly with 1 μM cAMP. In the vast majority of cells, CynA-GFP was strongly restricted to the lagging edge, and this distribution was largely unchanged upon the addition of cAMP ( Fig. 2A) . To test whether the polarized shape of differentiated cells influences the response of CynA to chemoattractant, we disrupted the actin cytoskeleton by treating with 1 μM Latrunculin A, which caused the cells to round up. This morphological change resulted in the dispersal of CynA-GFP from the lagging edge to the entire cell periphery (Fig. 2B ). In Latrunculin-treated cells that were uniformly stimulated, CynA-GFP translocated into the cytosol within 10 s and began to slowly return to the membrane within 30 s, although about half of the cells show less than 50% recovery of the CynA-GFP membrane signal ( Fig. 2 C and D and Movie S3). This translocation also occurred in the 10% of cells that were intrinsically rounded even in the absence of Latrunculin ( Fig. S2 A and B) . With slightly faster kinetics, PH CRAC -RFP transiently translocated onto the plasma membrane ( Fig. S2 C and D) . These transient redistributions in response to global stimulation are characteristic of other known "front" and "back" proteins (1, (24) (25) (26) (27) (28) (29) (30) . Taken together, these observations suggest that the accumulation of CynA at the lagging edge is stabilized in polarized cells, preventing the protein from relocalizing in response to chemoattractant.
Other conditions that altered cell morphology also delocalized CynA-GFP. First, in the ∼10% of cells that did not elongate strongly during differentiation, CynA-GFP was more dispersed around the cell periphery than in highly elongated cells ( Fig.  S2A ). Second, cells exposed to excessive light gradually rounded up and the distribution of CynA-GFP at the membrane became uniform ( Fig. S2E ). Third, growing cells were occasionally quiescent, with fewer productive protrusions and a rounder morphology than their actively migrating counterparts, because of day-to-day variations; the distribution of CynA-GFP at the membrane was more dispersed in these cells ( Fig. S2F ). Fourth, when randomly migrating growing cells reversed their direction, CynA-GFP became diffuse before relocalizing to the new rear within roughly 30 s ( Fig. S2G ). Interestingly, a predominant CynA-GFP signal remained on the membrane throughout this process. Taken together, these observations suggest that asymmetric cell shape regulates the intracellular distribution of CynA.
We next tested the effect of cell morphology on CynA protein mobility using fluorescence recovery after photobleaching (FRAP). In highly motile elongated cells, the fluorescent signal that was lost after CynA-GFP was photobleached at the lagging edge did not recover over the course of 72 s ( Fig. 2 E and G and Movie S4). Thus, the diffusion of CynA in polarized cells occurs more slowly than would be expected for a typical membrane protein. However, in cells pretreated with Latrunculin A, roughly 80% of the CynA-GFP fluorescence recovered from cytosolic pools, because the bleached region filled in uniformly. The recovery was biphasic, with 20% recovering with a half-time of 1.5 s, and 80% recovering with a half-time of 40 s ( Fig. 2 F and H and Movie S4). Furthermore, undifferentiated cells, which are highly photosensitive, often acquired a rounded morphology because of light damage during the course of FRAP analysis, causing CynA-GFP to spread more uniformly around the cell periphery. In these cells, the fluorescence recovered similarly to that of Latrunculin-treated cells (10% recovering with a half-time of 100 ms, and 90% recovering with a halftime of 20 s). Taken together, these results suggest that membranebound CynA can exchange rapidly with cytosolic pools, but this exchange no longer occurs as CynA becomes stably localized to the cell rear in polarized cells.
Localization of CynA to the Lagging Edge Depends on a WD40
Clustering Domain and a Membrane Tether. We further characterized the domain composition of CynA. In addition to its N-terminal PH domain (amino acids 10-144), CynA contains a putative WD40 domain and a long C-terminal extension (Fig.  3A) . The WDSP WD40-repeat protein structure predictor found a full seven-bladed propeller in the CynA sequence (amino acids 278-616) (31) . A seven-bladed propeller structure was also supported by a model of CynA generated by the threading software RaptorX, which found seven adjacent four-strandcontaining β-sheets, although these sheets were separated into two distinct clusters in this model (32) . Although CynA lacks sequence homology to proteins in higher eukaryotes, it may have functional homologs because several mammalian proteins share a similar domain composition. For example, the Rho GEF ARHGEF10 and several BEACH domain family proteins, including neurobeachin (NBEA), lipopolysaccharide-responsive, beige-like anchor protein (LRBA), lysosomal trafficking regulator (LYST), and neutral sphingomyelinase activation-associated factor (NSMAF), contain both WD40 and PH domains (33) .
The PH domain of CynA was predicted to bind PIP 3 ; however, CynA-GFP in cell lysates bound to many of a series of lipids spotted on hydrophobic membranes ( Fig. S3A) , with a slight preference for PI(3,4)P 2 and no preference for PIP 3 . This finding suggests that binding of a specific lipid is not the key regulator of CynA localization. Furthermore, the localization of CynA-GFP was unaffected by the addition of the PI3K inhibitor LY294002, which has been shown to greatly reduce PIP 3 levels in vivo ( Fig. S3B) (34) . This finding is consistent with the observation that CynA-GFP and PIP 3 biosensors were not colocalized ( Fig. 1 B and C) .
To determine which region of the CynA protein controls localization to the lagging edge, we generated a series of GFPtagged C-and N-terminal truncation constructs and expressed them in undifferentiated cells and in polarized cells undergoing chemotaxis ( Fig. 3A) . CynA 1-204 localized mostly to the cytosol, but appeared weakly on the plasma membrane, with enrichment at the rear, in a small percentage of actively migrating cells ( Fig.  3B ). CynA 1-325 displayed greatly increased localization to the lagging edge, but compared with the full-length protein there was an increased cytoplasmic pool of fluorescent protein, fewer cells showed strong membrane localization after treatment with Latrunculin A, strong accumulation at the back was not apparent in less motile cells compared with chemotaxing cells, and the signal at the back could recover rapidly after photobleaching ( Fig. 3 B-D and Fig. S3 C and D). CynA 1-574 , like the full-length protein, was strongly bound to the membrane, even after Latrunculin A treatment, and tightly accumulated at the rear even in relatively unpolarized cells ( Fig. 3 B and C and Fig. S3C ). Longer N-terminal fragments of CynA were also enriched at the lagging edge, although the extent of membrane accumulation varied between the different truncated proteins. CynA 156-1272 and other N-terminal truncations localized to the cytosol, although protein expression was low (Fig. 3B ). The results of the truncation analyses suggest that the PH domain of CynA is required for membrane binding and that the N-terminal 574 amino acids are sufficient for tight accumulation at the lagging edge.
We next wanted to test whether the PH domain was also sufficient for membrane binding. The PH domain alone, CynA 1-204 , localized weakly to the plasma membrane ( Fig. 3B) ; therefore, we artificially fused two copies of the PH domain in a single construct to increase membrane affinity. This GFP-tagged tandem PH domain protein localized strongly to the rear of highly motile elongated cells but localized more globally to the plasma membrane in undifferentiated cells, similarly to CynA 1-325 ( Fig. 3E ). Furthermore, when cells were pretreated with Latrunculin A and stimulated uniformly, the tandem PH domain protein transiently relocalized from the membrane to the cytosol (Movie S5). This finding suggests that the PH domain is sufficient to bind to and sense the properties of the plasma membrane that determine the front versus back state.
To test whether the membrane binding and strong back-targeting functions of CynA are separable, we fused CynA 156-1272 -GFP, which is located in the cytosol, to the myristoylated N-terminal portion (amino acids 1-128) of PKBR1, which is distributed uniformly on the membrane (35) . Remarkably, this chimeric protein localized tightly to the lagging edge, essentially identically to the full-length CynA-GFP ( Fig. 3F and Fig. S3E ). Furthermore, regions containing just the WD40 region of CynA (CynA 156-574 and CynA 325-574 ), which lack membrane localization on their own, were sufficient to localize strongly to the plasma membrane at the cell rear when fused to the exogenous myristoylation motif ( Fig. 3F and Fig. S3 E and F). The data shown in Fig. 3 E and F suggest that the localization of CynA is regulated by two distinct mechanisms. First, the PH domain controls binding to the membrane and senses external cues. Second, a "clustering" motif, located between amino acids 325 and 574, causes the accumulation of membrane-bound CynA at the rear of cells; this region corresponds to the putative WD40 domain.
Several pieces of evidence suggested that the WD40 region of CynA may be mediating oligomerization events, including the increased membrane binding observed for the dimerized PH domain, the tightly clustered localization of the WD40-containing region, which correlates with reduced protein mobility as observed by FRAP, and the observation that a smaller WD40 region, CynA 325-574 , localized to small intracellular puncta (Fig. S3F ). To test whether CynA can self-oligomerize, we coexpressed a GFP-tagged, cytosol-localized portion of CynA, CynA 156-1272 -GFP, with either empty vector or a full-length Flagtagged CynA protein ( Fig. 3 G and H) . Coexpression with empty vector resulted in a cytosolic and occasionally (about 20% of cells) punctate GFP signal, as observed for CynA 156-1272 -GFP alone. However, when this protein was coexpressed with fulllength CynA-Flag, the GFP-tagged protein was detected at the lagging edge of 95% of cells that had a detectable GFP signal ( Fig. 3 G and H) . CynA 156-574 -GFP also localized to the lagging edge when coexpressed with CynA-Flag in a small percentage of cells (∼5%) (Fig. S3G ). This finding indicates that full-length CynA-Flag could bind to and mediate the proper lagging edge membrane localization of the portion of CynA that includes the WD40 domain. Treatment with Latrunculin A led to uniform localization but did not reverse the membrane association of CynA 156-1272 -GFP in these coexpressing cells, indicating that the actin cytoskeleton and polarity are not required for CynA oligomerization ( Fig. 3I ).
CynA Mediates Cell Morphology and Migration. To study the function of CynA, we generated several independent null strains using homologous recombination (Fig. S4A) . The resulting mutants were plated as a monolayer on nonnutrient agar and assessed for differentiation and chemotaxis. Under these conditions, wild-type cells differentiated and formed streams of migrating cells by the 5-h stage (36) . The cynAcells also formed streams and aggregated, but this process was delayed by about 2 h for two independently disrupted cell lines (Fig. 4A ). This delay in early differentiation was reversed by expressing CynA-GFP in the cynAcells, suggesting that the GFP-tagged protein is functional (Fig. 4A ). Furthermore, exogenous expression of CynA-GFP in wild-type cells caused streaming and aggregation behaviors to be accelerated by about 2 h (Fig. 4A) .
To further characterize the developmental delay of cynAcells, we imaged cells that were washed off of nonnutrient agar plates at various time points throughout differentiation. Cells expressing CynA-GFP became elongated at earlier time points in differentiation than the cynAcells ( Fig. 4 B and C and Fig. S4B ). In fact, the difference in morphology across cell types is even more pronounced than the data suggest, because many of the CynA-GFP-expressing cells aggregated during imaging and could not be included in the analyses. Additionally, 50% of cynAcells retained protrusions around their lateral edges even after becoming elongated (Fig. 4B ). Endogenous cAR1 protein, a wellcharacterized marker for cell differentiation, was up-regulated on a similar timescale for wild-type and cynAcells, as well as for cells exogenously expressing CynA-GFP ( Fig. 4D) (37, 38) . Interestingly, endogenous cAR1 levels began to decline at earlier time points in cells expressing CynA-GFP compared with wildtype or cynAstrains. The precocious down-regulation of cAR1 may be caused by the earlier aggregation of these cells because it was not observed when cells were differentiated in suspension.
The differences in morphology observed for cynAcells also translated to defects in random migration. Tracks of cynAcell motility were shorter and had a jagged trajectory compared with wild-type, whereas tracks for cells overexpressing CynA-GFP were longer and straighter on average (Fig. 4E ). Furthermore, cynAcells moved with decreased directional persistence and similar speeds compared with wild-type cells throughout differentiation. Conversely, cells expressing CynA-GFP migrated with increased persistence and became faster at an earlier time point. After about 3 h of differentiation, cells expressing CynA-GFP began to aggregate immediately upon plating for imaging; the added component of gradient sensing and chemotaxis appeared to decrease cell speed, resulting in shorter tracks, while further increasing directional persistence ( Fig. 4 E and F) .
CynA Affects the Morphology and Behavior of Cells in Response to
Chemoattractant Gradients. Using a micropipette assay to test chemotaxis, cynAcells sensed the gradient of chemoattractant and migrated toward the cAMP source ( Fig. 5A and Movies S6 and S7). We observed similar behavior in myo IIcells, which elongated and aligned in the direction of a chemoattractant source despite their known polarity defects ( Fig. 1F) (39) (40) (41) (42) (43) . Although cynAcells could chemotax with wild-type-like motility speeds (3.70 ± 0.11 μm/min for cynAvs. 3.45 ± 0.19 μm/min for wild-type; P = 0.25; data are the mean ± SEM, n = 80 or 180 cells for wild-type or cynA -, respectively), these cells showed slight decreases in directional persistence (0.48 ± 0.02 for cynAvs. 0.65 ± 0.03 for wild-type; P < 0.01), chemotactic index (0.35 ± 0.02 for cynAvs. 0.53 ± 0.03 for wild-type; P < 0.01) and chemotactic speed (1.17 ± 0.08 μm/min for cynAvs. 1.91 ± 0.18 μm/min for wild-type; P < 0.01). Expression of CynA-GFP, but not an empty vector, in the cynAcells was able to reverse these defects in directional persistence (0.51 ± 0.02 for CynA-GFP vs. 0.42 ± 0.02 for vector; P < 0.01; data are the mean ± SEM, n = 152 or 183 cells for CynA-GFP or vector expression, respectively), chemotactic index (0.37 ± 0.03 for CynA-GFP vs. 0.30 ± 0.02 for vector; P = 0.02), and chemotactic speed (1.89 ± 0.19 μm/min for CynA-GFP vs. 1.11± 0.10 μm/min for vector; P < 0.01). As with cells that were differentiated on nonnutrient agar, the cynAcells appeared to have altered morphologies compared with wild-type controls during chemotaxis. Although they were still elongated, cynAcells frequently had lateral pseudopodia that were not observed in wild-type cells (Fig. 5A) . These aberrant protrusions could potentially explain the decreased speed and persistence observed during chemotaxis. Despite these defects, PTEN, Myosin II, and PIP 3 markers were still able to localize asymmetrically during late stages of differentiation in cynAcells (Fig. S5A) .
We next tested the effect of CynA-GFP overexpression in cells responding to shifting chemoattractant gradients. These cells were more elongated and had fewer lateral protrusions than control cells. Following repositioning of the micropipette, the control cells extended protrusions toward the new chemoattractant source, whereas the CynA-GFP-expressing cells maintained their existing fronts and turned ( Fig. S5 B and C) . Furthermore, CynA-GFP was consistently localized to the lagging edge, even when the micropipette was positioned directly behind the cells (Fig. S5C) .
To better observe the morphology defects of the cynAstrain, we expressed LimE Δcoil -RFP, a marker for newly polymerized actin, and assessed chemotaxis (44) . Consistent with previous results, cynAcells displayed a broader distribution of LimE Δcoil -RFP at the leading edge than wild-type cells or cynAcells expressing CynA-GFP ( Fig. 5 B and C and Movies S8 and S9). Furthermore, cynAcells, but not those expressing CynA-GFP, showed the accumulation of LimE Δcoil -RFP at multiple additional sites along the cell perimeter, indicating excessive pseudopod formation ( Fig. 5 B and C and Movies S8 and S9). Expression of LimE Δcoil -RFP also highlighted differences across cell lines in the shape of pseudopodia. Whereas the edges of protrusions in cynAcells were jagged and dynamic, moving rapidly from side to side, those in wild-type cells had smooth edges and extended evenly ( Fig. 5 B and C and Movies S8 and S9).
CynA Spatially Restricts Actin Polymerization. We next compared the localizations of CynA-GFP and LimE Δcoil -RFP. In growing cells, which have reduced polarity but greater spontaneous actin polymerization than differentiated cells, CynA-GFP and LimE Δcoil -RFP had opposing distributions (Fig. 6A ). This was true even for the most active cells, which extended actin protrusions all around the cell periphery, occasionally resulting in a broader distribution or multiple sites of CynA-GFP accumulation ( Fig. 6B and Fig. S2F ). In these cells, an actin protrusion extended near sites of CynA-GFP accumulation about 15% of the time, resulting in the retraction of that protrusion and cell movement in the original direction. Rarely, an actin protrusion broke through the patch of CynA-GFP accumulation; when this occurred, the CynA-GFP cluster dispersed such that the two proteins did not colocalize ( Fig. 6B and Fig. S2G ). These protrusions were most often rapidly retracted, but also occasionally resulted in a directional change.
The mutually exclusive localizations of CynA-GFP and LimE Δcoil -RFP, as well as the increase in cortical LimE Δcoil -RFP in cynAcells, suggest an antagonistic relationship between CynA and actin polymerization. We tested this connection by observing the response in globally stimulated cells. Following uniform chemoattractant addition, LimE Δcoil -RFP was recruited to the cortex within 10 s of cAMP stimulation and returned to the cytosol by 20 s (Fig. 6C and Movie S10). Interestingly, although the cells were stimulated uniformly, LimE Δcoil -RFP was not recruited to the cortex at the rear of wild-type or CynA-GFPexpressing cells (Fig. 6 C-E and Movie S10). In cells exogenously expressing CynA-GFP, the patch of cortex without LimE Δcoil -RFP recruitment corresponded to sites of CynA-GFP accumulation ( Fig. 6 C-E and Movie S10). In contrast, LimE Δcoil -RFP was recruited uniformly around the cell periphery, including the back, in cynAcells that were differentiated for equivalent amounts of time ( Fig. 6 C-E and Movie S10). Furthermore, the cynAcells appeared to have a slightly prolonged and elevated actin response compared with cells expressing CynA. Accumulation of CynA-GFP did not prevent the localization of cAR1-RFP to the plasma membrane, indicating that the absence of LimE Δcoil -RFP at these sites was not an imaging artifact (Fig.  6F ). Together, these results suggest that the presence of CynA are a merge of the GFP and RFP channels. Tracks of the RFP fluorescence intensities for the cells shown in B were generated using ImageJ, such that each pixel shown in the overlaid image corresponds to the maximum pixel intensity for that location over the course of the movie (C). The first 5 min of each movie, during which cells were turning to orient toward the cAMP gradient, were excluded from analysis in C for simplification. Asterisks indicate the position of the micropipette; arrows indicate that the micropipette was placed outside of the frame shown. (Scale bars, 5 μm.) locally inhibits actin polymerization in response to cAMP stimulation and during random migration in unstimulated cells. Furthermore, GFP-tagged truncations of CynA that localized to the lagging edge also blocked the actin response in globally stimulated cells. Specifically, fusions of CynA 1-574 -GFP or CynA 156-1272 -GFP to the myristoylation motif of PKBR1 both localized to the lagging edge and restricted actin polymerization, suggesting that the clustering activity of the CynA WD40 domain is sufficient for this inhibition (Fig. 6G and Movie S10).
CynA Clusters Chemoattractant Receptors at the Lagging Edge and
Locally Inhibits Their Signaling. To further explore the relationship between CynA and the response to cAMP stimuli, we fused either full-length CynA-GFP or various truncations to the chemoattractant receptor cAR1, a GPCR with seven transmembrane domains that localizes uniformly throughout the plasma and internal membranes (Fig. 6F) (45) . Remarkably, each of the resulting cAR1 fusions localized to the cell rear in both growing and differentiated cells ( Fig. 7 A and B) . We next coexpressed the cAR1-CynA fusions with LimE Δcoil -RFP in car1-/3cells, so that cAMP receptor activity originated only at sites of CynA-GFP localization, and tested the actin response. Following global stimulation with cAMP, LimE Δcoil -RFP was transiently recruited to the entire cortex, except in regions of cAR1-CynA accumulation ( Fig. 7C and Movie S11). This finding suggests that clusters of CynA protein or fragments thereof are capable of blocking actin polymerization even when the majority of detectable signaling is initiated in that spot. The recruitment of LimE Δcoil -RFP to the remainder of the cortex suggests that there may be low levels of cAR1-CynA fusion protein around the perimeter of the cell. These proteins would be capable of initiating a response at the front but not concentrated enough for the inhibitory function of CynA. Alternatively, it is possible that activation signals generated by localized receptors can rapidly become global.
Discussion
CynA Is a Novel Lagging-Edge Protein with Membrane-Binding and "Clustering" Domains. Although CynA shares many similarities to other lagging edge proteins, it also has several unique properties. Like CynA, other back proteins translocate transiently into the cytosol upon chemoattractant stimulation, accumulate in the cleavage furrow during cytokinesis, and have spatial distributions that are tightly coupled to cell polarity. However, CynA localizes asymmetrically in growing cells, whereas the other lagging-edge proteins target to the back only as the cells differentiate (20, 23, 24) . Furthermore, CynA accumulation at the rear is more stable and tightly localized than that of other lagging-edge proteins, such as PTEN. In fact, the lagging-edge localization of CynA is strong enough to override the endogenous localizations of other membrane proteins, forcing them to cluster at the back when fused to CynA.
We explored the extrinsic factors that regulate the localization of CynA. First, although the stable asymmetric localization of CynA requires cell polarity or an intact actin cytoskeleton, newly polymerized actin can cause local patches of accumulated CynA to disperse. Second, the localization of CynA does not require PTEN or Myosin II and clustering occurs in growing cells before other proteins become restricted to the lagging edge. Third, the binding site for CynA appears to be up-regulated at the cell rear with differentiation, either by increases in total amount (i.e., via transcriptional regulation) or by increases in local concentrations (i.e., via asymmetric distribution). Finally, although there is speculation that PI(4,5)P 2 is important for the localization of PTEN, neither Dictyostelium PTEN nor CynA binds to PI(4,5)P 2 specifically in vitro (46, 47) . In fact, CynA showed a slight preference for PI(3,4)P 2 on lipid strips, which indicates either that PI(3,4)P 2 is enriched at the lagging edge or that lipid interactions are not important for conferring asymmetric localization.
CynA contains a PH domain required for membrane binding and a WD40 domain that likely regulates oligomerization; these domains mediate binding to the lagging edge via two distinct mechanisms. Like PTEN, the PH domain senses changes in the membrane that cause dissociation both from protrusions and following chemoattractant stimulation, indicating that the PH domain accumulates at the lagging edge by dissociating from the front. In contrast, myristoylated versions of CynA lacking the PH domain remain bound to the membrane during stimulation and thus accumulate at the lagging edge by a different mechanism. The WD40 domain controls this behavior, likely by mediating the formation of higher-order oligomers. It has been reported that high-order oligomerization and membrane-binding motifs artificially target cytosolic proteins to membrane patches, which accumulate at the lagging edge in polarized cells (48) (49) (50) (51) (52) . Oligomerizing membrane microdomain components also enrich at the rear of polarized neutrophils or T cells (53) (54) (55) (56) (57) . The WD40 domain enhances the stability and immobility of CynA at the lagging edge, either through oligomerization alone or by interaction with other proteins, as evidenced by the differences between CynA 1-574 and either CynA 1-325 or the tandem PH domain, CynA 1-204+1-204 . The formation of large stable complexes with the actomyosin network could explain the dispersal of CynA throughout the membrane upon disruption of the actin cytoskeleton. Moreover, the mechanisms of localization to the rear mediated by the domains of CynA synergize because the WD40 domain requires a membrane anchor for targeting, whereas WD40-mediated oligomerization of the PH domain is expected to enhance its affinity for the membrane.
CynA Can Be Used as a Tool for Targeting Other Proteins to the Lagging Edge. The tightly clustered distribution of CynA allows it to serve as a useful tool for targeting other proteins to the lagging edge, opening the way for a multitude of additional studies examining the role of protein localization in migration and many other contexts. We were surprised to find that fusing CynA to several diverse membrane anchors did not affect CynA localization, but rather caused clustering of proteins that are normally distributed uniformly. Thus, we could not test the effects of distributing CynA uniformly throughout the membrane.
The fact that CynA recruited cAR1 to the rear allowed us to determine how CynA regulates a localized chemoattractant response. In the future, cAR1-CynA fusions can be used to answer a number of questions related to cAR1 function in migration and adaptation; for example, can cells properly sense a chemoattractant gradient and initiate an appropriate response if receptors are clustered at the cell rear? These and many other potential studies are now possible using CynA as a tool for recruitment to the lagging edge.
CynA Defines the Axis of Symmetry and Promotes Polarity. The behavior and localization of CynA suggest a connection with cell polarity. Migrating cells display different degrees of polarity. On one end of the polarity spectrum, a cell extending spontaneous protrusions displays a "transient" polarity. At an intermediate level, cells extending protrusions in the direction of an external cue demonstrate an "induced" polarity. Finally, cells with stable front and back regions, even in the absence of directional cues, exhibit a "persistent" polarity that can be augmented by chemoattractants. Such persistent polarity enhances directionality during migration, allowing cells to chemotax more efficiently in steady gradients, but impairs responsiveness to shifting gradients (15, 58, 59) . Undoubtedly, overlapping networks of components are involved in these various events. Our observations indicate that clustered CynA promotes a shift toward the persistent end of the polarity spectrum.
Furthermore, our results suggest that CynA promotes polarity by regulating the localization of actin polymerization and therefore protrusions. Briefly, we found that overexpression of CynA decreases the ability of the lateral or lagging edges of cells to form new extensions toward a source of cAMP. Furthermore, cynAcells display multiple spontaneous protrusions along the lateral edges, and actin polymerization almost never occurs near sites of CynA accumulation, either spontaneously or in response to a global stimulus, even if receptor-mediated signaling is initiated by receptors clustered at these regions. Experiments using truncated forms of CynA that lack either the N terminus or C terminus of the protein suggest that the clustering domain, CynA 156-574 , is sufficient for these inhibitions of actin polymerization. Of course, CynA may not inhibit actin polymerization directly, but may potentially alter the mechanical properties of the cytoskeleton or act as a negative regulator of signaling events. Because CynA impacts the leading edge morphology, it may regulate a global inhibitory mechanism; alternatively, low levels of CynA protein at the cell front may locally fine-tune the cytoskeletal dynamics.
Combined, these results suggest that the asymmetric localization of CynA is an early step in symmetry breaking and helps establish the axis of polarity. When exogenous CynA-GFP is expressed in growing cells, it accumulates in a patch on the membrane, locally repressing pseudopod formation. This contributes to the creation of a functional lagging edge and increases directional persistence in these cells. Accordingly, this accelerates polarization, but not the expression of stage-specific markers, such as cAR1, during the course of differentiation. Other lagging-edge proteins do not localize asymmetrically in growing cells or noticeably increase polarity when overexpressed (11, 21, 24, 60) . Consistent with its role in enhancing polarity, CynA transcription is up-regulated during differentiation, with low levels in growing cells and a peak after 8 h of starvation, when cells acquire maximal polarity and aggregate into mound structures (61, 62) (data are accessible at dictybase.org) (36, 63, 64) . Although our data indicate that CynA is important for establishing polarity, other factors also mediate this process, as expected given the redundancy of the signaling and cytoskeletal networks.
Although the underlying mechanisms are still unclear, many models for the establishment of persistent polarity have been proposed. Most have focused on positive feedback loops at the front of cells involving a number of specific signaling molecules, such as RhoGTPases and PI3K, and a global inhibitory component that prevents activity at multiple sites (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) . An increasing number of studies have implicated events at the cell rear, such as the local inhibition of signaling activities and force generation through actin depolymerization or Myosin II (78) (79) (80) (81) (82) . The behavior of CynA shows how positive feedback at the lagging edge can contribute to polarity. CynA clusters act as negative regulators of protrusive activity and, in turn, CynA is forced away from sites of protrusions, resulting in an increased concentration of CynA in surrounding regions. This appears to further restrict the regions that are permissive for protrusions. As the cell becomes increasingly polarized, CynA becomes more tightly clustered at the lagging edge, further reinforcing the restriction of protrusive activity to the leading edge, thereby generating a positive feedback mechanism. It is possible that this combination of both CynA-mediated inhibition of protrusions and the polarity-mediated spatial restriction of CynA clusters is what drives the polarity that is characteristic of differentiated, migrating cells.
Materials and Methods
A detailed description of the materials and methods used can be found in SI Materials and Methods. Plasmids were generated by standard cloning procedures and expressed in Dicytostelium cells grown in HL5 media. CynAnull cells were generated by homologous recombination, such that the entire coding sequence was replaced by a drug-resistance cassette. Cells were differentiated in suspension culture with pulses of cAMP or by growing on nonnutrient agar plates as needed and imaged with a 40×/1.3 oil objective and DIC, GFP, and RFP (where applicable) illumination using either a Zeiss Observer.Z1 inverted microscope or Leica DMI6000 inverted microscope equipped with a Yokogawa CSU10 spinning disk. Global stimulation assays were performed using 1 μM cAMP. Chemotaxis assays were performed using a micropipette filled with 10 μM cAMP. Image processing and quantification were done using ImageJ or customized Matlab scripts. Fig. S1 illustrates in more detail the relationship between CynA localization and other proteins at the lagging edge. Fig. S2 elaborates further on the influence of polarity on the localization, as well as responsiveness to cAMP, of CynA demonstrated in Fig. 2. Fig. S3 shows the phosphoinositide binding of CynA and the localization of CynA truncations and fusions in undifferentiated cells. Fig. S4 depicts the generation of cynAcells and contains additional quantification of the polarity defects associated with disruption or overexpression of CynA as shown in Fig. 4. Fig. S5 shows the localization of front and back proteins in cynAcells and the effects of CynA overexpression on polarity.
